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Abstract Saturn’s planetary period oscillations (PPOs) are ubiquitous throughout its magnetosphere. We
investigate the PPO’s azimuthal magnetic ﬁeld amplitude interior to the ﬁeld-aligned currents, during the
closest approaches of Cassini’s ring-grazing orbits (October 2016 to April 2017), with periapses at ~2.5 RS. The
amplitudes of the northern and southern PPO systems are shown to vary as a function of latitude. The
amplitude ratio between the two PPO systems shows that the northern system is dominant by a factor of ~1.3
in the equatorial plane, and it is dominant to ~ 15° latitude in the southern hemisphere. The dayside
amplitudes are approximately half of the 2008 nightside amplitudes, which agree with previous local
time-related amplitude observations. Overall, there is clear evidence that the PPOs are present on ﬁeld lines
that map to the outer edge of Saturn’s rings, closer to Saturn than previously conﬁrmed.
Plain Language Summary During the closest approaches of the Cassini spacecraft’s ring-grazing
orbits at Saturn, the magnetometer instrument observed magnetic ﬁeld oscillations associated with two
systems, one from the northern hemisphere and the other from the southern hemisphere. The amplitude of
each oscillation systemwas determined and shown to vary with latitude. From this, at the equatorial crossing,
the larger amplitude oscillation was found to be the northern hemisphere oscillation, meaning in the region
where both systems are present, the northern one dominates. These observations of the oscillations just
outside of Saturn’s rings are the closest to the planet at present. This discovery has important implications for
the studies of Saturn’s magnetic space environment, in particular, the periodicities, coupling between the
planet and surrounding environment, and dynamical processes. In addition, the presence of the oscillations
just outside the rings has possible ramiﬁcations for ring observations, as well as the multiple data sets from
the Grand Finale dives between the planet and the rings.
1. Introduction
Saturn’s magnetosphere is permeated with oscillations that have a period close to the expected planetary
rotation of ~10.6 hr; these phenomena have been termed as “planetary period oscillations” (PPOs).
The PPOs are present in many of the magnetospheric observations, namely, radio and magnetic ﬁeld mea-
surements, plasma data, and auroral emissions, and act to modulate the behavior of the magnetosphere
(e.g., Carbary et al., 2017; Carbary & Mitchell, 2013; Cowley & Provan, 2017; Jackman et al., 2016; Ramer
et al., 2017; Thomsen et al., 2017; Ye et al., 2016). From observations of both the Saturn kilometric radiation
emission and magnetic ﬁeld oscillations, it has been shown that there are two distinct periods, one asso-
ciated with the northern hemisphere and the other with the southern hemisphere (Andrews, Coates,
et al., 2010; Gurnett et al., 2009; Kurth et al., 2008; Southwood, 2011). These periods have been extensively
monitored over the Cassini mission showing that they vary by ±1% over Saturn’s seasons, with good agree-
ment generally being found between these data sets (e.g., Andrews et al., 2012; Lamy, 2011; Provan
et al., 2016).
The magnetic ﬁeld oscillations are due to two perturbation ﬁelds, one associated with the northern hemi-
sphere and the other with the southern hemisphere. These result from two rotating ﬁeld-aligned current sys-
tems thought to be driven from the polar atmospheres (e.g., Hunt et al., 2014; Jia et al., 2012; Jia & Kivelson,
2012; Smith, 2006, 2014). The relative phasing of the three spherical polar components of the magnetic ﬁeld
referenced to Saturn’s spin axis shows that in the equatorial quasi-dipolar core region (ﬁeld lines inside the
main ﬁeld-aligned currents), the perturbation ﬁelds are quasi-uniform. In the polar regions (ﬁeld lines outside
the main ﬁeld-aligned currents) the perturbation ﬁelds are quasi-dipolar (Andrews, Coates, et al., 2010;
Cowley et al., 2006; Espinosa et al., 2003; Espinosa & Dougherty, 2000; Provan et al., 2009, Southwood &
HUNT ET AL. 1
Geophysical Research Letters
RESEARCH LETTER
10.1029/2018GL077925
Special Section:
Cassini's Final Year: Science
Highlights and Discoveries
Key Points:
• We determine the amplitudes of the
planetary period oscillations (PPO) as
a function of latitude near the
periapses of the F-ring orbits
• These amplitudes show that the
northern PPO system is dominant over
the southern PPO system by a factor
of ~1.3
• The PPO amplitudes on the dayside
are approximately 50% lower than the
nightside amplitudes from previous
analyses of 2008 data
Correspondence to:
G. J. Hunt,
g.hunt@imperial.ac.uk
Citation:
Hunt, G. J., Provan, G., Cowley, S. W. H.,
Dougherty, M. K., & Southwood, D. J.
(2018). Saturn’s planetary period
oscillations during the closest approach
of Cassini’s ring-grazing orbits.
Geophysical Research Letters, 45. https://
doi.org/10.1029/2018GL077925
Received 14 MAR 2018
Accepted 6 MAY 2018
Accepted article online 11 MAY 2018
©2018. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.
Kivelson, 2007). In the polar regions the oscillations are mostly hemispherically pure to within ~10% by ampli-
tude (Andrews et al., 2012; Hunt et al., 2015). In the equatorial region both the northern and southern signals
are present, and the observed oscillations are a vector superposition of the two perturbations (Provan et al.,
2011). The equatorial oscillations are beat modulated due to the difference in the northern and southern per-
iods. From this the amplitudes of both systems can be measured, and therefore, the dominant system can be
determined. The ratio between the northern and southern amplitudes is given by the parameter, k.
Early in the Cassini mission (2004–2008) the periods were well separated, the southern being longer at
~10.8 hr and the northern at ~10.6 hr, with the southern system being dominant by a factor of ~2.5 relative
to the northern system (Andrews et al., 2012). During the interval across equinox (2008–2013) the periods
converge and diverge, but the southern period always remains the longer one. However, there were sharp
changes in periods and amplitudes (Provan et al., 2014). In 2014 the northern period suddenly became longer
by lengthening to ~10.8 hr, while the southern period remained at ~10.7 hr (Provan et al., 2016). The ampli-
tude ratio also changed over this time interval such that the northern dominated by a factor of ~2. By
September 2015 the southern signal in the equatorial core region could no longer be detected, thus implying
strong northern dominance of a least k > 5, this was the case up to March 2016, after which the southern
signal was detected in the southern polar region (Provan et al., 2016, 2018). The periods then remained very
stable at ~10.79 hr for the northern systems and ~10.68 hr for the southern until the end of mission. However,
k decreased to ~1.4 during the 2016/2017 orbits indicating a change in the relative dominance (Provan et al.,
2018). The energetic electron periodicities during 2016/2017 exhibit a very similar dominant period asso-
ciated with the northern hemisphere. This is approximately equal to the summer southern hemisphere per-
iod from earlier in the Cassini mission (Carbary et al., 2017).
Andrews, Cowley, et al. (2010) showed the amplitude of the equatorial azimuthal ﬁeld component varied with
radial distance and local time with the nightside amplitude being ~2 times larger compared to the dayside at
~10 RS. The decrease in amplitude of the azimuthal oscillation with decreasing radial distance suggested a
region of ﬁeld-aligned current at the Enceladus torus (~3.5 RS) that would effectively shield out the PPOs
inside that radial distance. This inner closure current has also been previously discussed by Hunt et al.
(2014, 2015); Hunt, Cowley, et al. (2018); Hunt, Provan, et al. (2018); Southwood and Cowley (2014); and
Southwood and Kivelson (2007). Analysis of 2008 nightside data by Hunt et al. (2015) showed that it was pos-
sible to track the amplitudes of the two PPO systems as function of latitude within a given ﬁeld region and
determine the amplitude ratio inside the main ﬁeld-aligned current regions.
In this present study, we focus on the azimuthal component of the magnetic ﬁeld, which is not inﬂuenced by
the ring current whose spatial variations dominated the radial and theta components on these passes. The
periapses were on the dayside at approximately noon and at distances just outside the Saturn’s F ring at
~2.5 RS. These orbits are known as the “F-ring orbits” or “ring-grazing orbits.” We ﬁrst describe the data set
and procedures, then we investigate the northern and southern PPO modulations separately. Lastly, we
determine the northern and southern amplitudes, and the k parameter as functions of latitude. For discussion
we compare these to nightside results from Hunt et al. (2015).
2. Data Set and Procedures
2.1. Data Set
In this letter we employ the data collected around the periapses of the Revs 251–270, inclusive. Figure 1a
shows the segments of the orbits considered for this study in cylindrical ρ-z coordinates, where ρ is perpen-
dicular distance from the spin/magnetic axis and z is aligned along the spin axis. These orbits are color coded
as shown at the top of the ﬁgure. We employ a magnetic ﬁeld model based on the Burton et al. (2010) axi-
symmetric internal ﬁeld model together with the ring current model from Bunce et al. (2007), where the sub-
solar magnetopause distance is set to 22 RS. The gray shaded region shows a ﬁeld region between 20° (22.1°)
and 40° (44.7°) ionospheric colatitude in the northern (southern) hemispheres, which in the equatorial plane
maps to between ~6.6 RS and ~1.9 RS. Data from within this region are employed in this study. The fanned
straight and dashed lines indicate 15° bins of latitude, which overlap by 7.5°; these bins will be used in
section 4. The light green shaded region indicates where the typical PPO-related ﬁeld-aligned currents ﬂow
(Hunt, Provan, et al., 2018). The three dotted trajectories are from the 2008 high-latitude orbits, speciﬁcally
Revs 65, 75, and 85. The portions of the orbits shown are from the minimum northern ionospheric
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colatitude to minimum southern ionospheric colatitude, as deﬁned by
the magnetic ﬁeld model discussed above. In the polar regions mod-
eled magnetic ﬁeld lines are shown.
Figure 1b shows the Bφ data as a function of time from periapsis, each
colored proﬁle corresponding to a trajectory segment shown in
Figure 1a. The gray shaded region corresponds to the inner ﬁeld region
shown in Figure 1a. This region of ﬁeld is interior to the gradients in Bφ,
which are associated with the main ﬁeld-aligned currents at ~4 hr prior
to and ~2 hr after periapsis. The Bφ ﬁeld changes gradually from nega-
tive to positive within the shaded region. The change of sign of Bφ
across the magnetic equatorial plane (vertical dashed line) indicates
the presence of a lagging or “swept back” ﬁeld conﬁguration in both
hemispheres. We envisage that this ﬁeld deﬂection is associated with
a quasi-steady axisymmetric ﬁeld-aligned current system, which trans-
fers angular momentum from the ionosphere to the subcorotating
magnetospheric plasma (Hunt et al., 2014, 2015; Hunt, Cowley, et al.,
2018; Hunt, Provan, et al., 2018). The main variation of Bφ from orbit
to orbit is due to the PPOs, which vary the ﬁeld in a sinusoidal manner.
We will determine the variation of amplitudes for both northern and
southern PPO systems with latitude across this ﬁeld region and to com-
pare with previous results.
2.2. Data Procedures
In this section, we describe the method to determine the PPO ampli-
tudes from the Cassini Bφ data shown in Figure 1b. To begin, the Bφ data
are mapped to the ionosphere to estimate the ionospheric azimuthal
ﬁeld, Bφi, given by
Bφi ¼ Bφ ρρi
 
; (1)
where ρi is the perpendicular distance of the ﬁeld line foot in the iono-
sphere to the spin/magnetic axis. The basis of equation (1) comes from
ρBφ being constant along a given ﬁeld line between the point of obser-
vation and the ionosphere. Hunt et al. (2014, Appendix B) showed from
Ampère’s law that Bφ varies as 1/ρ for an axisymmetric current system.
Moreover, this is also approximately true for a nonaxisymmetric situa-
tion, provided that the longitudinal scales of the current systems are
much longer than the latitudinal, as for the PPO current system. In sec-
tion 4 we will discuss results from orbits during 2008, their (\rho greek
symbol) values varied, as shown by the dotted trajectories in Figure 1a.
The mapping acts to normalize the Bφ data for ρ, thus allowing comparison between measurements over
varying ρ. For the F-ring orbits ρ is almost constant at ~2 RS as shown in Figure 1a. Thus, the gross features
of the ﬁeld orbit to orbit remain unchanged relative to each other.
To determine the PPO modulation of the ﬁeld, we organize the data relative to the PPO phase systems. For
this we employ the northern and southern phases, ΦN, S(t), derived by Provan et al. (2018), where ΦN, S(t) is
the angle between the radially outward quasi-uniform ﬁeld and noon. The position of the observation relative
to either the northern or southern PPO perturbation ﬁelds is given by
ΨN;S φ; tð Þ ¼ ΦN;S tð Þ  φ; (2)
where φ is the azimuthal angle of the observation point from noon. Both ΦN, S(t) and φ increase with plane-
tary rotation. The quasi-uniform ﬁeld points radially outward at ΨN, S = 0°, and as the PPO system rotates the
Bφ component varies as ~ sin ΨN, S at any ﬁxed near-equatorial point. We analyze the PPO modulations by
ﬁtting either a constant plus single sinusoidal function or a constant plus the sum of two sinusoidals; both
approaches are described below.
Figure 1. Overview of the Cassini spacecraft trajectories and data selection for
the present study. Figure 1a shows the trajectories of Revs 251–270 in the ρ-z
plane, by Rev number color-coded at the top of ﬁgure, where ρ is the perpen-
dicular distance from the spin axis and z is aligned with the magnetic/spin axis.
The fanned solid and dashed lines mark 15° bins of latitude, which overlap by
7.5°. The gray shaded region shows the ﬁeld region considered. The green
shaded region shows the ﬁeld region where the PPO-related ﬁeld-aligned cur-
rents ﬂow. The dotted trajectories are from the 2008 interval, speciﬁcally Revs 65,
75, and 85. Figure 1b shows the azimuthal magnetic ﬁeld data, Bφ, from the
trajectory sections shown in Figure 1a as a function of time from periapsis. The
gray shaded region corresponds to the ﬁeld region in Figure 1a. The vertical
dotted line marks the time of periapsis, and the vertical dashed line is the
equator crossing.
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3. Single Oscillation Fits
To a ﬁrst approximation, we can examine the modulation of the ﬁeld data by ΨN or ΨS separately. Figures 2a
and 2b show the northern hemisphere Bφi data as calculated from equation (1), from the northern section of
the ﬁeld region in Figure 1 plotted as functions of ΨN and ΨS, respectively. Figures 2c and 2d similarly show
the southern hemisphere data plotted as functions ofΨS andΨN, respectively. To these data we least squares
ﬁt the following function,
Bφi ¼ Bφi þ Bφi0 sin ΨN;S  Δ
 
; (3)
where 〈Bφi〉 is the mean ionospheric azimuthal ﬁeld, Bφi0 is the amplitude of the oscillations in the data, and Δ
is the relative phase, which based on the expectations outlined in section 2 should be Δ ≈ 0°/360°; that is, Bφi
varies by ~ sin (ΨN, S). The resulting ﬁtted parameters for equation (3) are shown in each ﬁgure with estimated
uncertainties of the ﬁt parameters from a statistical resampling method. We use the “jackknife” method, in
which the ﬁt is computed N times, where N is the number of orbits. For each ﬁt a different orbit is removed
from the data set, as to create a resampled data set of N  1 orbits. We then multiply the standard deviation
of the ensemble of ﬁt parameters by
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N  1p to account for the N 1 resampling (e.g., Efron, 1982). This mod-
iﬁed standard deviation gives an estimated error on each ﬁt parameter, as it shows the variability for the best
Figure 2. Mapped ionospheric azimuthal ﬁeld, Biφ, derived from the northern and southern hemisphere data plotted as
functions of the northern (ΨN) and southern (ΨS) PPO phases from Provan et al. (2018). Figures 2a and 2b are for the
northern hemisphere, while Figures 2c and 2d are for the southern hemisphere. The color coding shows the individual
orbits as indicated by Rev number at the top of the ﬁgure. The black curve is the ﬁt from equation (3), and the ﬁt parameters
are stated in each panel.
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ﬁt parameter given by the data set. We also performed “bootstrap” resampling, where one randomly selects
the orbits, allowing the same orbit to be picked multiple times to create a new data set with the same size as
the original set. The ﬁt is performed on the resampled data set and repeated a large number of times
(~1,000). The standard deviation of these ﬁt parameters is taken. We found that the bootstrap method
yielded very similar ﬁt uncertainties to the jackknife; therefore, we employed jackknife results due to its smal-
ler computation need. This method of ﬁt uncertainty estimation was used by Hunt et al. (2015).
There is a fair amount of scatter around the ﬁts; however, Figures 2a and 2c show that the Bφi is well organized
by that hemisphere’s PPO system. In both, the ﬁtted amplitudes and phases are well constrained, and the
root-mean-square (RMS) values are less than the peak-to-peak amplitudes. For the northern hemisphere data
in Figure 2a the amplitude of the northern PPO oscillation is ~12 ± 2 nT, while for Figure 2c the amplitude of
the southern PPO oscillation is ~9 ± 2 nT. However, in both cases, the Δ values are displaced somewhat from
0°/360° with the northern hemisphere data being ~46° ± 7° “earlier” compared with the expected value, the
same being true in the southern hemisphere where the phase deviation is ~ 23±18° early. A similar effect
was found by Hunt et al. (2015) for the northern hemisphere (see their Figure 5b) and was thought to reﬂect
where the phase model best represented the data used to construct it due some possible radial and latitude
phase structure of the PPOs.
Examining Figures 2b and 2d where the northern and southern Bφi data are plotted as a function of the other
hemisphere’s PPO phase system, the data and ﬁts show some organization, with nonzero amplitudes within
errors, which are approximately half the amplitude values in the Figures 2a and 2c. The phase deviations are
not well constrained, however, with errors up to an eighth of a cycle. In Figure 2b Δ ≈ 350° ± 23° is consistent,
within errors, with Δ=0°/360°, while in Figure 2d Δ ≈ 291° ± 42° is inconsistent with the expected Δ value.
These ﬁts therefore show evidence of dual PPO modulation along the ﬁeld lines into the opposite hemi-
sphere. However, it should be noted that the RMS values are comparable to the peak-to-peak amplitudes.
In these cases, to investigate the dual PPO modulation, further, a more rigorous ﬁtting method using both
phases is needed.
4. Dual Oscillation Fits
To fully assess the dual presence of the PPOs within the ﬁeld region shown in Figure 1, the combined
perturbations due to the two PPO systems can be considered as the sum of two sinusoidal functions. This
is given by
Bφi ¼ Bφi þ Bφi0N sin ΨN  ΔΦNð Þ þ Bφi0S sin ΨS  ΔΦSð Þ; (4)
where the ﬁve free parameters are 〈Bφi〉 the mean ﬁeld; Bφi0N and Bφi0S are the northern and southern ampli-
tudes, respectively; and ΔΦN and ΔΦS are the northern and southern phase deviations.
We select Bφi data within the gray shaded region in Figure 1 (all mapped to the northern ionosphere). We split
the data into 15° bins of latitude, which overlap by 7.5°, and then minimize the RMS deviation between the
data and the model given by equation (4). The method of the ﬁtting is as follows: ﬁrst, we ﬁx a pair of the
phase offsets, with the choice being informed by the ﬁts shown in Figure 2. We then ﬁnd the minimum
RMS deviation in the 3-D parameter space of 〈Bφi〉, Bφi0N, Bφi0S in steps of 0.5 nT. We then vary the phase off-
sets by 5° to ﬁnd the pair of values that give the smallest RMS deviation over the whole latitude range. These
were found to be ΔΦN =  55° and ΔΦS =  30°. Fixing these in equation (4) we then determine the remain-
ing three parameters by repeating the RMS deviation minimization, also ﬁnding well-deﬁned minima for
these ﬁts.
The results are shown as a function of latitude by the circles joined by solid lines in Figure 3, where Figure 3a
shows the RMS deviation between the model and data; Figure 3b shows the average ionospheric azimuthal
ﬁeld 〈Bφi〉; Figure 3c shows the northern (Bφi0N) and southern amplitudes (Bφi0S) in blue and red, respectively;
and Figure 3d shows the “k” parameter. As in section 1, the latter parameter is the ratio of the northern and
southern amplitudes, where k = Bφi0N/Bφi0S and k
0
= 1/k. Such that k ≈ 0 represents a southern PPO dominant
case, while a k
0
≈ 0 indicates a northern PPO dominant case, and k ≈ 1 or k
0
≈ 1 represents near-equal ampli-
tudes. The uncertainties show here, as in Figure 2, are estimated using the “jackknife” resampling method,
where data from one orbit are removed a time and the ﬁtting repeated. These uncertainty values were again
checked against the bootstrap method for several of the latitude bins, with little difference. For comparison
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we also plot similar ﬁts using the 2008 (Revs 59–95) nightside periapsis data from Hunt et al. (2015) (see their
Figure 11). These results are shown by the dashed lines in each panel. The error bars with wider ticks are
associated with the F-ring ﬁts. For the F-ring ﬁts (circles joined by solid lines) the RMS deviations shown in
Figure 3a are smaller than those determined in Figure 2. The RMS deviations for the F-ring ﬁts are also
smaller than for the 2008 ﬁts (dashed crossed line), indicating that the data are less variable with respect
to the model given by equation (4). In the majority of latitude bins the RMS values are less than half the
amplitude. Only in the most poleward bins are the RMS and amplitudes comparable. However, these are
still signiﬁcantly less than the peak-to-peak amplitudes.
The average azimuthal ﬁeld is shown in Figure 3b, with the F-ring ﬁts showing a change in sign of 〈Bφi〉 about
the equator from negative in the northern hemisphere to positive in the southern hemisphere. This is consis-
tent with a lagging ﬁeld geometry as discussed in section 2.1. This behavior is opposite to that derived from
the 2008 data, where an approximately “leading” ﬁeld conﬁguration was observed. Previously, Hunt et al.
(2014, 2015) and Hunt, Cowley, et al. (2018) suggested that a possible phase asymmetry in the PPO ﬁelds
could result in an apparent “leading” background ﬁeld. This would occur if the negative half cycle of the
Figure 3. Fit parameters for equation (4) as a function of latitude for the F-ring data set (circles joined by solid lines) and for
the 2008 data (crosses joined by dashed lines). (a) The RMS deviations. (b) The constant ﬁeld term, 〈Bφi〉. (c) The northern
and southern azimuthal PPO amplitudes in blue and red, respectively. The error bars in Figures 3b and 3c are calculated by
the jackknife resampling method. (d) The relative amplitudes k = Bφi0N/Bφi0S for 0 ≤ k ≤ 1 and k
0
= 1/k = Bφi0S/Bφi0N for
1 ≥ k
0
≥ 0; the error bars are obtained from the combination of those in Figure 3c. The errors bars with the wider ticks are for
the F-ring ﬁts. The vertical dotted line marks the equator.
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southern system Bφ oscillation had a slightly larger amplitude compared to the positive half and vice versa for
the northern system.
The amplitudes BφiN and BφiS in Figure 3c show strong evidence for both PPO systems being present within
both hemispheres. For the F-ring data set, starting in the northern hemisphere, BφiN is ~16 ± 2 nT, well sepa-
rated from the weaker BφiS ~6 nT ± 3 nT. Moving toward the equator, both amplitudes remain separated until
λ = 0° where the error bars cross, with the northern amplitude being the larger. The amplitudes converge to
very similar values at ~ 15° in the southern hemisphere. Continuing southward they then diverge again
with the southern amplitude becoming the larger. At themost southern latitude considered here BφiS reaches
~14 ± 3 nT while BφiN decreases to ~7 ± 3 nT.
Comparing the amplitude values from F-ring and 2008 data sets in Figure 3c, it is clear that for the latter data
set, both the northern and southern amplitudes are considerably larger by a factor of ~2. Recent results from
Hunt, Provan, et al. (2018) showed evidence that the strength of the PPO-related ﬁeld-aligned currents during
the F-ring orbits had decreased by a factor of ~2 compared to 2008 PPO current observations. In addition,
Andrews, Cowley, et al. (2010) showed that Bφ oscillations were ~2–3 times weaker on the dayside compared
to the nightside. Therefore, we suggest that the difference shown in Figure 3c between the 2008 and F-ring
amplitudes could be due to a combination of the local time asymmetry observed by Andrews, Cowley, et al.
(2010), the weaker PPO-related ﬁeld-aligned currents, and secular change of the PPOs.
Figure 3d shows the ratio between the northern and southern amplitudes from Figure 3c for both the 2008
and F-ring orbits data sets. An important difference is in the k value at the equator. For the F-ring epoch 1/
k = k
0
~0.77 ± 0.24 or k ~ 1.29 ±0.24, which shows the northern system the dominant. This value of k is con-
sistent within errors with the k value determined by Provan et al. (2018) from analysis of the beat modulations
of data at larger distances in the magnetosphere but over the same time interval as studied here. It should be
noted that during the F-ring epoch the dominant PPO system extends further into the opposite hemisphere
compared to the 2008 observations. Similar behavior for the PPO currents was shown by Bradley et al. (2018)
during the nightside high-latitude 2013 interval. These behaviors further support the seasonal changes of the
PPO amplitudes and dominance (e.g., Gurnett et al., 2010), such that the summer hemisphere is the dominant
one. It should be noted that while the northern PPO system is dominant, it is not to the same extent as the
southern PPO system during the 2004–2008 southern summer epoch, implying that it is not just purely a
seasonal effect.
The presence of the PPOs in the ﬁeld region that maps to a radial distance in Saturn’s equatorial plane at
~1.9–6.5 RS has signiﬁcant consequences for the closing of the PPO-related current systems, and therefore
for the extent the PPOs are still present at radial distances<2.5 RS. As discussed in section 1, it was previously
thought that at the inner edge of the Enceladus plasma torus (~3.5–4 RS), there would be a discrete ﬁeld-
aligned current region that would shield the PPOs from radial distances less then ~3.5 RS. The results pre-
sented here show no direct evidence of this inner discrete closure for the PPO-related current system.
Instead we observe a distributed closure current throughout this region, as shown by the latitudinal variation
of the PPO amplitudes and k. This implies that the PPOs still penetrate to radial distances less than ~2.5 RS,
closer to the planet than previously thought.
5. Conclusions
We have presented observations of the PPOs in the Bφ ﬁeld component in a ﬁeld region that maps to
between ~6.5 RS and ~1.9 RS in the equatorial plane. These observations show that the PPOs extend to smal-
ler radial distances and are present on ﬁeld lines at the outer edge of the F ring.
1. The ratio of the amplitudes shows that for the F-ring orbits epoch, the northern PPO systemwas the domi-
nant system with k ~ 1.3. This is in agreement with the value of k determined by Provan et al. (2018). While
the northern system’s dominance has increased since the preequinox interval of 2008, the value is closer
to unity than earlier data sets from 2015 and 2016 showed, thus implying that the northern system has
either weakened and/or the southern system has strengthened (Provan et al., 2016, 2018).
2. These observations have direct implications for the closure of the PPO-related current systems. It is clear
from the F-ring orbit data that the PPO-related current is not fully closed within the inner ﬁeld region.
These results imply that the PPOs could extend further over the rings of the Saturn.
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3. Investigating the latitudinal variation along the ﬂux tube, we have shown that both the northern and
southern oscillation amplitudes are approximately a factor of 2 weaker than previous determined (Hunt
et al., 2015). This difference could arise from a noon-midnight asymmetry and/or the seasonal change
of the PPOs.
With the full set of Grand Finale orbits, now completed studies, it should be possible to determine the pene-
tration of the PPO signals, smaller radial distances across the rings and within the D-ring gap.
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